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S U M M A R Y
A new crustal 3-D P-wave velocity model beneath NE Tibet is determined by jointly in-
verting 62 339 high-quality first P wave and later PmP-wave arrival-time data from local
earthquakes and seismic explosions. Resolution tests show that the use of the PmP data can
effectively improve the resolution of crustal tomography, especially that of the middle-lower
crust. Widespread but intermittent low-velocity anomalies are revealed in the lower crust be-
neath NE Tibet, and the Kunlun fault acts as a transfer structure. High-velocity zones are
visible in most parts of the crust below the transition zones bordering the southwestern Ordos
basin between 105◦ and 106◦ E longitude. We think that they form an important transpressive
boundary to absorb sinistral strike-slip and thrust faulting deformation, like a western front-
line of the Ordos basin, which is compatible with the latest GPS observations in the region.
Considering the tectonic features and deformation of the Liupanshan fault, we need to pay
much attention to the seismic risk of the fault zone from now. Our results reveal different
structural features of the major blocks and their boundary faults, indicating the complexity of
the Cenozoic crustal deformation in NE Tibet that partitioned between steep strike-slip shear
zones and thrust faults.
Key words: Crustal imaging; Seismicity and tectonics; Seismic tomography; Crustal struc-
ture.
1 I N T RO D U C T I O N
The Tibetan Plateau has dominantly expanded towards the east and
northeast in response to the clockwise rigid rotation since India col-
lided with Asia 55 Ma (Tapponnier et al. 2001), and the convergence
may be absorbed by northeastward shortening at the eastern termi-
nation of the Altyn Tagh fault, that forms a transpressive ‘horsetail’
of grand scale in NE Tibet (Meyer et al. 1998). Many geodynamic
models have been proposed to explain the structure and tectonic
evolution of the Tibetan Plateau (see a review by Yin & Harrison
2000). The northeastern corner of the collision highlands provides
the best model of the small, still actively growing and rising, Tibetan
Plateau (Tapponnier et al. 2001), which is moving towards NE–
NNE at a rate of 15–19 mm yr–1 relative to the South China block
(Gan et al. 2007) and counteracted by the North China Craton (Ma
1989), then turned to the southeast sharply. The fundamental mode
of continental tectonics has been characterized by two end-member
processes: plate-like rigid-body motion and distributed deformation
via viscous flow (Zuza & Yin 2016).
Previous studies have shown that low-velocity (low-V) zones in
the lower crust beneath the Tibetan Plateau revealed by Rayleigh-
wave tomography bound major strike-slip faults in southeastern Ti-
bet (Bao et al. 2015b), the Qiangtang and Songpan-Ganze Terranes
(Li et al. 2014a), pass through the northern limit of the Tibetan
Plateau (the Altyn Tagh fault and the Kunlun fault), and extend
into the Qaidam basin in the northeastern direction (Bourjot & Ro-
manowicz 1992). The low-V zones are limited by the Qinling north
fault zone to the north (Zheng et al. 2010), and diminish around the
eastern Kunlun fault (Li et al. 2012), which are generally consistent
with the results of ambient seismic noise and receiver functions (Wu
et al. 2017). However, the INDEPTH geophysical and geological ob-
servations (Nelson et al. 1996) showed that the low-viscosity crustal
flow in northern Tibet is limited by the Lhasa-Golmud Highway and
farther east (Haines et al. 2003). Results of the GPS velocity field
indicate that the Manyi-Yushu-Xianshuihe fault is a clear northern
boundary for the crustal flow (Gan et al. 2007).
The north–south seismic zone with the highest level of seismic-
ity in Mainland China extends nearly along 104◦E from the Inner
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Figure 1. Tectonic background of the study region. The colours represent
the surface topography whose scale is shown at the bottom-right. The inset
map shows the location of the study region (black box) in Asia. The yellow
star denotes the 1920 Haiyuan earthquake (M 8.5). The white thick lines
denote boundaries of tectonic blocks (Deng et al. 2002; Zhang et al. 2003):
the Alxa block (ALXB), the Ordos basin (ODB), the eastern tectonic belt
of the Tibetan Plateau (AEB), the Qilian block (QLB), the Eastern Kunlun-
Qaidam block (EKQB), the Bayan Har block (BYHB), the Qinling fold zone
(QLFZ), and the Sichuan basin (SCB). The red lines denote active faults.
The major faults are as follows (Ma 1989; Lei & Zhao 2016): the Long-
menshan fault (LMSF), the Kunlun fault (KLF), the Tazang fault (TZF), the
north Qinling fault (QLNF), the Zhuanlanghe fault (ZLHF), the Maxian-
shan fault (MXSF), the Liupanshan fault (LPSF), the Haiyuan fault (HYF),
the Xiangshan-Tianjingshan fault (XS-TJSF) and the Qingtongxia-Guyuan
fault (QTX-GYF). These abbreviations are shown in this figure and Figures
6-11.
Mongolian District in the north to Yunnan province in the south
(Wang et al. 1976; Fu et al. 1985). It is considered as the tectonic
belt (Ma 1989; Wang et al. 2015) and main boundary between the
eastern and western parts of the Chinese continent, which is also
a giant gravity gradient zone with isostatic gravity anomaly and
regional magnetic anomaly (Wang et al. 2015). Our study region
(Fig. 1) is located in the northern part of the north–south seismic
zone, where large earthquakes take place frequently (Ma 1989),
such as the 1920 Haiyuan earthquake (M 8.5) which caused nearly
230 000 fatalities, the 1927 Gulang earthquake (M 8.0) and the 2008
Wenchuan earthquake (M 8.0). Active tectonic blocks are relatively
uniform geologic units that are divided and surrounded by tectonic
belts, and have been dynamically active since the late Cenozoic
(Zhang et al. 2003). There are eight tectonic units (Deng et al.
2002; Zhang et al. 2003) in our study region (labelled with their full
names in Fig. 1) based on the distribution of fault zones and GPS
observations (Wang et al. 2001), including the eastern tectonic belt
of the Tibetan Plateau (hereafter we call it AEB following Deng
et al. 2002), that is the transition zone among the Tibetan Plateau,
the Alxa block and the Ordos basin.
Whether the large east–west striking sinistral slip faults, including
the Haiyuan and Kunlun faults, have acted as rigid-block bound-
aries or transfer-fault structures linking dip-slip fault systems is
an important question to discuss the tectonic mode in northern
Tibet (Zuza & Yin 2016). Although relatively fewer studies fo-
cused on the crustal structure beneath the northeastern part than
the southeastern Tibetan Plateau, previous studies have provided
important information on the low-V zones in the crust (e.g. Bour-
jot & Romanowicz 1992; Guo et al. 2004; Chen et al. 2005; Li
et al. 2006b, 2017; Cheng et al. 2014; Tian et al. 2014; Wang et al.
2016b; Wu et al. 2017), including some deep seismic sounding
(DSS) experiments (e.g. Li et al. 2001, 2002; Zhao et al. 2005c;
Liu et al. 2006; Jia & Zhang 2008). However, the geometric re-
lationships between low-V zones and large faults remain unclear,
because the spatial resolution of crustal structure beneath NE Ti-
bet is relatively low (Wang et al. 2016a) due to limitations of
methods and/or data. For example, teleseismic body-wave data or
surface-wave data contain information on both the crustal and up-
per mantle structures, thus tomographic inversion of the data would
bring the influence of the upper mantle to the crust, and costly
DSS experiments generally explore the 2-D structures along linear
profiles.
The use of crustal reflected waves from the Moho discontinuity
(PmP) can effectively improve the resolution of the lower crustal
tomography (Jin et al. 1999; Zhao et al. 2005a; Xia et al. 2007;
Lei et al. 2008; Sun et al. 2008; Gupta et al. 2009; Wang et al.
2018a) without the influence from the deeper structure. In this work,
we collected a large number of traveltime data recorded at 154
local seismic stations of the Chinese Provincial Digital Seismic
Networks during 1980–2013, 40 broad-band temporary stations of
our Seismic Array Cross Hai-Yuan Fault (SACHY) project during
2012–2013 and a 980-km-long DSS experiment. We jointly used
the first P (including Pn) and later PmP phase data to determine a
new crustal 3-D P-wave velocity (Vp) model beneath northeastern
Tibet. Our new model reveals a detailed distribution of intracrustal
low-V zones, which sheds new light on the mechanism of the plateau
deformation and expansion.
2 DATA A N D M E T H O D
2.1 Initial velocity model and Moho geometry
A reliable solution of seismic tomography depends on the initial
reference model for formulating a linear approximation to a nonlin-
ear inverse problem (Kissling et al. 1994). The Moho depth in the
study region obtained from several DSS profiles since 1970s ranges
from 43 to 64 km. Results of wide-angle reflection profiles show
that the average crustal Vp at depths from the 5.8 km s–1 isoline to
the Moho is 6.08–6.27 km s–1, much lower than the global average
for the continental regions (6.45 km s–1), which probably reflects
a special composition of the crust (Zhang et al. 2013). Previous
studies of seismic tomography of NE Tibet (e.g. Guo et al. 2004;
Zheng et al. 2010) generally used a global crustal model such as
iasp91 (Kennett & Engdahl 1991) with a Moho depth of 24 km or










starting model for their tomographic inversions, which may affect
their inversion results.
In this work, we first derive an optimal 1-D crustal Vp model for
our study region from the global crustal model LITHO1.0, which
was created by fitting surface wave dispersion results over a wide
frequency band (Pasyanos et al. 2014). The Moho depth is updated
based on a new database of crustal 1-D profiles from active-source
seismic studies as well as receiver-function studies, and seismic
and gravity results which show that the crust is composed of three
distinct layers, that is, the upper crust, the middle crust and the
lower crust (Pasyanos et al. 2014). Because first arrival data like
the refracted Pn phase and the reflected PmP phase are sensitive
to the Moho depth, three velocity discontinuities with lateral depth
variations deduced from the LITHO1.0 model are taken into ac-
count simultaneously in the initial model. Fig. 2(b) shows the Moho
geometry in the study region.
To ensure the validity of the Moho depth, we compare the crustal
thickness from the LITHO1.0 model in NE Tibet with those from
receiver-function results (Pan & Niu 2011; Wang et al. 2016b) and
DSS data (Li et al. 2006a). The Moho depth pattern of LITHO1.0
generally coincides with that of Wang et al. (2016b), which becomes
shallower from the west to the east consistently in the area (100◦–
110◦E, 32◦–40◦N). The standard deviation of depth discrepancy is
0.52 km. The Moho depth under the central part along 106◦ E in
the LITHO1.0 model ranges from 50 to 55 km, and it is ∼50 km
in the result of Pan & Niu (2011), both are deeper than that by
Wang et al. (2016b). The Moho depth pattern of LITHO1.0 is
generally compatible with that in the DSS result (Li et al. 2006a).
The exception is in the Qinling north fault zone, around 103◦E and
35◦N, where the Moho depth in the receiver-function result (Wang
et al. 2016b) and the LITHO1.0 model ranges from 45 to 50 km,
whereas that in the DSS result is from 56 to 60 km. Hence, we
deem that LITHO1.0 is a reasonable initial model for our study
region.
To further reduce the uncertainties, we conducted a tomographic
inversion of our data set using the LITHO1.0 model, and then we
obtained a 1-D crustal model by averaging the 3-D inversion results.
The obtained 1-D model is shown as the black solid line in Fig. 2a.
The average Moho depth is 50.9 km, which is generally consistent
with the results of DSS (Zhao et al. 2005c) and receiver functions
(Wang et al. 2016b; Liu et al. 2017) in NE Tibet, but much deeper
than the Moho depth in the AK135 model (the red line in Fig. 2a)
and that in the CRUST2.0 model (the green line in Fig. 2a).
2.2 Data collection
To improve the ray path coverage in the study region, we used
three sets of data. The first data set contains local earthquakes
that occurred during 1980–2013 and were recorded at 154 local
seismic stations of five provincial seismic networks (Fig. 3b) in
Gansu, Shanxi and Qinghai Provinces as well as Ningxia and In-
ner Mongolian Districts, which are compiled by the China Earth-
quake Network Center (CENC). The second data set contains local
earthquakes recorded at 40 portable stations of our SACHY project
during 2012–2013 (Fig. 3b), including 40 broad-band sensors (10
Nanometrics Trillium 120P and 15 CMG-3T with bandwidths of
0.02–120 s, and 15 CMG-40T with bandwidths of 0.02–30 s) and
Reftek or Taurus data loggers. The third data set is a 980-km long,
active-source, refraction and wide-angle reflection profile with 200
DAS-1 seismometers deployed in 1998 by the Research Center of
Exploration Geophysics, China Earthquake Administration (CEA)
(Li et al. 2002) from Machin in the southwest through Lanzhou to
Jingbian in the northeast (hereafter we call it the MLJ profile) across
the major tectonic blocks in the study region and the epicentre of
the 1920 M 8.5 Haiyuan earthquake (Fig. 3b).
An important seismic data source in China is the CENC phase
reports that contain P-wave arrival times of local earthquakes hand-
picked by the CENC staff in the past decades, and the picking
accuracy of P-wave arrivals is estimated to be 0.05–0.15 s. How-
ever, we found some flaws in the phase reports, for example, the
information on the focal depths is missing for some events, a
same station has different codes and a same event has different
origin times determined by different provincial network centres,
the hour of the origin time is wrong for some events, etc. We
have made great efforts to fix these problems in the CENC re-
ports, and our final data set contains 134 150 arrival-time data from
the CENC, including 126 212 first P waves and 7938 PmP reflected
waves from the Moho. We also collected 8195 P arrivals from 754
events recorded at our SACHY stations (the operation No. 1 in
Table 1).
To obtain a reliable tomographic result, it is necessary to win-
now the data by examining the accuracy of hypocentral parameters
and absolute traveltime residuals (i.e. the difference between the
observed and calculated traveltimes, Fig. S1f). For this purpose, we
relocated all the events by using both P and S wave data with the
optimal 1-D velocity model (Fig. 2a). We only keep the events that
have more than eight phase data with traveltime residuals smaller
than 2 s (the operations No. 2 and No. 3 in Table 1). The local
earthquakes are further winnowed with a specific scheme of selec-
tion (Zhao et al. 2005a, 2007) according to the maximum number of
recording stations and the minimum formal uncertainty of hypocen-
tral parameters (the operation No. 4 in Table 1). We compared the
observed traveltimes of P and PmP waves with their corresponding
theoretical ones computed with the TauP toolkit (Crotwell et al.
1999) for the optimal 1-D Vp model (Fig. 2a), and the results show
that most of the traveltime residuals are smaller than 2 s (Fig. S1f).
After the selection, the average number of data at each station is
317. We also added 374 first P-wave arrivals and 341 PmP data from
nine shots of the DSS profile (e.g. Fig. 4). As a result, our final data
set contains 62 339 arrival times from 6602 events, including 58 707
P and 3632 PmP data (Table 1), which are used in the tomographic
inversion. The ray paths of these data cover the study region densely
and uniformly (Fig. 5).
2.3 Tomographic inversion
Seismic later phases such as reflected waves from the Moho discon-
tinuity (PmP) contain important information on the crustal struc-
ture, because their ray paths are quite different from those of first
P waves. Thus, adding the later PmP data can effectively improve
crisscrossing and coverage of ray paths in the whole crust, espe-
cially in the lower crust, as shown by the previous tomographic
studies (Jin et al. 1999; Zhao et al. 2005a; Xia et al. 2007; Lei
et al. 2008; Sun et al. 2008; Gupta et al. 2009; Wang et al.
2018a). As part of the first arrivals, the head waves (Pn) can be
used to investigate the uppermost mantle structure (McNamara
et al. 1997; Jin et al. 1999; Xu et al. 2003; Liang et al. 2004;
Liang & Song 2006). The tomographic method of Zhao et al.
(2005a) is applied to the first P (including Pn) and PmP arrival-
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Figure 2. (a) The 1-D crustal P-wave velocity (Vp) models. The black dashed line denotes the LITHO1.0 model (Pasyanos et al. 2014), the black solid line
shows a model modified from the LITHO1.0 model (the optimal 1-D model of the present study region), the red solid line shows the AK135 model, whereas
the green line shows a model derived from the CRUST2.0 model. (b) The geometry of the Moho discontinuity in the study region derived from the LITHO1.0
model. The Moho depth scale is shown on the right. The red lines denote active faults.
Figure 3. Distribution of the selected seismic events (a) and seismic stations (b) used in this study. In (a), the yellow stars denote earthquakes with magnitudes
>5.0 since 1980, whereas the white dots denote events <M 5.0. The red polar stars denote nine shots in the deep seismic sounding experiment by the Research
Center of Exploration Geophysics, China Earthquake Administration. Note that locations of two of the shots are very close. In (b), the blue squares denote local
seismic stations, the yellow triangles denote portable stations along the Machin-Lanzhou-Jingbian (MLJ) profile deployed by Research Center of Exploration
Geophysics, and the white triangles denote our SACHY array stations. The other labelling is the same as that in Fig. 1.
Table 1. Data sets used in this study.
Operation Seismic stations Events P phase PmP phase Total
1. Data collection and processing 154 CENC local stations
(1980–2013)
20 246 126 212 7938 134 150
40 SACHY portable stations
(2012–2013)
754 8195 0 8195
Summary of Operation 1 194 stations 21 000 134 407 7938 142 345
2. Event relocation with residuals <2 s 194 20 809 81 988 5184 87 172
3. Events with >8 phases after Operation 2 194 7014 61 800 3508 65 308
4. Event winnowing after Operation 3 194 6593 58 333 3291 61 624
5. DSS data of the MLJ profile 386 9 374 341 715










Figure 4. Reduced seismic record sections along the Machin-Lanzhou-Jingbian (MLJ) refraction and wide-angle reflection profile (after Li et al. 2002). The
seismograms were generated by the shots at (a) Jingbian (SP1032) and (b) Tongxin (SP800).
To express the 3-D Vp structure, we set up five layers of grid
mesh at depths of 2, 11, 20, 35 and 50 km with a lateral grid interval
of 0.35◦ which represents the lateral resolution scale of the ob-
tained tomographic model. Vp perturbations at the grid nodes from
the starting 1-D model are taken as unknown parameters. The Vp
perturbation at any point in the model is calculated by linearly in-
terpolating the Vp perturbations at the eight grid nodes surrounding
that point. The 3-D ray tracer of Zhao et al. (1992) is used to compute
theoretical traveltimes and ray paths in the 3-D Vp model containing
the three undulated velocity discontinuities. A conjugate-gradient
type method, the LSQR algorithm (Paige & Saunders 1982) with
damping and smoothing regularizations, is used to resolve the large
but sparse system of observation equations that relate the arrival-
time data to the unknown parameters (Zhao et al. 2005a, 2007).
The relocated hypocentral parameters (Operation 2 in Table 1) of
the local earthquakes are used to determine Vp variations at the 3-D
grid nodes in an iterative inversion process (Zhao 2015).
3 A NA LY S I S A N D R E S U LT S
Checkerboard resolution tests (CRTs) are conducted to confirm
main features of the tomographic result. The procedure to perform
a CRT is as follows (Zhao et al. 1992, 2005a). First, alternative
positive and negative Vp anomalies of up to 6 per cent relative
to the 1-D velocity model (Fig. 2a) are assigned to the 3-D grid
nodes to construct a checkerboard model, then synthetic arrival
times are calculated for the checkerboard model with the same
numbers of events, stations and ray paths as those in the observed
data set. Random noise with a standard deviation of 0.1 s is added
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Figure 5. Distribution of ray paths (grey lines) from the 6602 seismic events (white dots) in the study area. Map view (a) and north–south (b) and east–west
(c) vertical cross-sections. The blue squares and the white and yellow triangles denote seismic stations used in this study (see Fig. 3b for details). The red lines
denote the major active faults in the study region.
synthetic data are then inverted by using the same tomographic
method. The resolution is considered to be good in areas where the
checkerboard image is well recovered. After conducting CRTs by
jointly inverting the P and PmP data with different grid intervals
(Figs S3–S5), we find that our tomographic model has a lateral
resolution of 0.35◦ × 0.35◦ in the study region. It is clear that, when
both the P and PmP data are used, the ray path coverage is very
good in the entire crust (Figs 5 and 10).
To investigate the detailed crustal structure in the source zone
of the 1920 Haiyuan earthquake (M 8.5), we conducted another
CRT along two profiles without interpolation, which are 5.6 and
8.9 km away from the Haiyuan main shock epicentre in longitudi-
nal and latitudinal directions, respectively (Fig S7). The obtained
result with the first P data has a good resolution in the entire crust
(Figs S7a and d). Because there are fewer PmP data than the first
P data, the obtained result with only the PmP data has a lower
resolution than that with the first P data (Figs S7b and e). When
both the P and PmP data are used, the resolution becomes very
good in the whole crust (Figs S7c and f), especially at 35 km depth
beneath the Haiyuan hypocentre, thanks to the use of the PmP
data.
Fig. 6 shows map views of our tomographic model obtained by
jointly inverting the P and PmP data. Vp variations are revealed
at all depths in the crust. The Ordos basin and the Alxa block
generally exhibit consistent high-velocity (high-V) anomalies in
the entire crust, suggesting that they are stable and rigid blocks.
In contrast, the southern border area of the Ordos basin and the
southeastern border area of the Alxa block exhibit low-V anomalies
at depths of 20–50 km. A distinct high-V zone is revealed in almost










Figure 6. Map views of P-wave tomography obtained by a joint inversion of P and PmP wave arrival-time data. The layer depth is shown at the upper-right
corner of each map. The red and blue colours denote low and high velocity perturbations, respectively, whose scale (in per cent) is shown at the bottom. The
black lines denote boundaries of tectonic blocks. The red lines denote active faults.
high-V anomaly under the Ordos basin through the bending part
of the Haiyuan fault zone. The NE Tibet block generally exhibits
distinct low-V anomalies. Based on very weak reflections identified
by the wide-angle seismic experiment, Zhang et al. (2013) suggested
that a ductile layer with a high attenuation may exist between the
crystalline basement (at ∼6 km depth in average) and the Moho
(at ∼46 km depth in average) under the central Qilian block. Our
tomography reveals a low-V zone in the middle and lower crust of
the Qilian block (Figs 6c and d), which is consistent with the result
of double-difference tomography (Xiao & Gao 2017). A significant
low-V anomaly is visible under the Eastern Kunlun-Qaidam block,
and extends eastward to western AEB at 35 and 50 km depths. A
low-V zone is revealed under the eastern Bayan Har block (i.e. the
Songpan-Ganzi terrane) and overspreads to the Longmenshan fault
zone at 20 km depth. At 50 km depth, a low-V anomaly spreads
dispersedly and broadly under the western part of the study region,
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Figure 7. Vertical cross-sections of P-wave tomography along the eight profiles shown in the inset map. The three black lines in each section denote the Moho
discontinuity and two other velocity boundaries in the crust. The red stars and black dots denote large earthquakes (M > 5.0) and smaller events (M < 5.0),
respectively, within a 25 km width of each profile, which are all relocated using our new 3-D velocity model with more than 10 arrival-time data. The surface











Figure 8. The same as Fig. 7 but along the six profiles shown in the inset map.
(the red dashed line at 50 km depth in Fig. 6) where large earthquakes
take place frequently (Ma 1989).
Figs 7 and 8 show some vertical cross-sections of the Vp to-
mography together with the surface topography and background
seismicity along each profile. In Figs 7(a)–(d), a distinct low-V
anomaly is visible in the crust beneath the Eastern Kunlun-Qaidam
block and it gradually extends eastward to the lower crust under the
high-V zone in the middle-upper crust beneath AEB (Figs 7c, d and
f), whereas it is blocked by the high-V anomaly beneath the Haiyuan






/gji/article-abstract/217/1/405/5289872 by Bungaku-Bu Library user on 03 D
ecem
ber 2019
414 A. Sun et al.
Figure 9. The same as Fig. 7 but along the two profiles shown in the inset map, which pass through the epicentre of the 1920 Haiyuan earthquake (M 8.5; the
biggest red star).
beneath the Bayan Har block extends eastward to the lower crust
under the high-V anomaly in the middle and upper crust beneath
the Qinling fold zone (Figs 7g and 8c–d). A high-V feature exists
above the low-V anomaly in the lower crust beneath the southern
end of AEB at the Kunlun fault and the Tazang fault (Figs 8c and
d). To the south of the high-V feature, a low-V anomaly beneath the
Bayan Har block warps up eastward to the surface of the Longmen-
shan fault (Figs 7h and 8f). Similarly, the DSS profile shows a large
shovel-like upwelling that dips gently in the lower part but becomes
steep in the upper part (Jia et al. 2014).
Fig. 9 shows two vertical cross-sections passing through the epi-
centre of the 1920 Haiyuan earthquake (M 8.5). A high-V zone
exists in almost the whole crust beneath eastern AEB, which blocks
the low-V anomalies in the middle-lower crust beneath the Qilian
block (Fig. 9a) and the Qinling fold zone (Fig. 9b). However, the
crustal high-V zone beneath northeastern AEB is not connected
with that separated by the Haiyuan fault, which exhibits a nearly
vertical low-V anomaly from the surface to the uppermost mantle
(Fig. 9a). Many faults exist in the southeastern margin of the Alxa
block, where significant low-V anomalies exist in the whole crust
(Fig. 9b). The 1920 Haiyuan earthquake occurred at the edge of the
high-V zone in the upper crust (Figs 7d, 9a and 11c) beneath the
southern margin of a quasi tri-junction area (Tian & Ding 1998)
which is the intersection of the Haiyuan fault, the Alxa block and
the Ordos block. We deem that the Haiyuan earthquake was caused
by the interaction of these adjacent tectonic blocks and faults. The
resolution test (Fig. S7) shows that our tomographic images along
the profiles (Fig. 9) are reliable.
These tomographic images (Figs 7–9) show that most of the ma-
jor faults are located at the edge parts of tectonic blocks where
Vp changes abruptly, such as the north Qinling fault (Figs 7a–d),
the Kunlun fault (Fig. 8d), the Haiyuan fault (Figs 7d and 9), the
Liupanshan fault (Figs 7d–e and 8a), the Xiangshan-Tianjingshan
fault (Figs 7c, d and 9), and the Qingtongxia-Guyuan fault (Fig. 9a).
A similar feature is visible at the southern edge of the Alxa block
(Figs 7a and 9b). These abrupt Vp changes extend from the surface
to the deep crust, even down to the uppermost mantle. Most of
the relocated earthquakes are distributed in or around the high-V
zones, being consistent with the feature of transpressional strike-
slip deformation (Tapponnier et al. 2001). The Maxianshan and
Zhuanglanghe faults show a similar feature with the seismicity in
the upper crust (Figs 7b–d). The fault zones at the eastern mar-
gin of the Tibetan Plateau mainly exhibit low-V anomalies in the
middle-upper crust, such as the Tazang and Longmenshan faults
(Figs 7h and 8e–f). A majority of relocated hypocentres are located
in the low-V zone in the upper-middle crust beneath the Longmen-
shan fault, reflecting a listric shape of the Longmenshan fault with
an eastward reverse feature (Zhang et al. 2008a). We think that
these fault zones exhibiting low-V anomalies are weak due to the










Figure 10. Vertical cross-sections showing the distributions of (a, c, e) ray paths within a 25 km width of the profile A–A’ and (b, d, f) P-wave tomography
along the profile A–A’ as shown in the inset map. From the top to the bottom, the data used are the first P-wave arrivals (a, b), the PmP-wave arrivals (c, d),
and both P and PmP arrivals (e, f), respectively. The other labelling is the same as that in Fig. 7.
4 D I S C U S S I O N
4.1 Effects of later phases and discontinuity geometry
To evaluate the effect of the later phase (PmP) data, we conducted a
CRT using only the direct P-wave data with a lateral grid interval of
0.35◦ × 0.35◦ (Fig. S6). The result shows that the first P-wave data
result in a good resolution in the upper crust under the study area
where many stations and earthquakes exist, whereas the resolution
becomes lower in the middle and lower crust. The addition of PmP
data improves the resolution at depths of 20–50 km (Fig. S5), in
particular, in the central and northeastern parts of the study region
where our SACHY array and the MLJ profile were deployed (Fig. 3).
DSS experiments with precise blast locations and origin times can
help to obtain reliable images of the crust and uppermost mantle
(Zhang et al. 1995; Jin et al. 2011). To investigate the effect of
the DSS data, we examine the tomographic images in a vertical
cross-section along the MLJ profile (the yellow solid triangles in
Fig. 3b) that was deployed across the epicentre of the 1920 Haiyuan
earthquake. Fig. 10 shows the distribution of ray paths and the
corresponding tomographic images obtained by using the individual
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Figure 11. The same as Fig. 10 but for P-wave tomography obtained by joint inversions of both the P and PmP data. The models in (a, b) are determined when
flat velocity discontinuities are adopted. The model in (a) is obtained by inverting only the natural earthquake data. The model in (b) is obtained by inverting
both the earthquake data and the DSS data. The model in (c) is the same as that in Fig. 10(f) and is obtained using all the data and with curved velocity
discontinuities.
sets. The use of PmP data greatly improves the ray path coverage
in the whole crust beneath the MLJ profile. The ray paths of first P
data (Fig. 10a) are denser than those of the PmP data (Fig. 10b) in
the shallow crust at ∼200 km away from the edge A of the profile,
whereas the P rays are sparser below 35 km depth in the lower crust.
Hence, the first P data are able to reveal low-V anomalies well in the
shallow crust, just as the PmP data do in the lower crust. The joint use
of the P and PmP data leads to better ray crisscrossing and coverage
in the whole crust. Jin et al. (1999) carried out a joint inversion of
P and PmP data recorded by the Ningxia regional seismic network.
Although the Moho geometry was not considered in their inversion,
they found that Pn and PmP data could provide more information
on the deep crust where the direct P waves cannot reach, and so
lead to a better inversion result. However, the Pn and PmP data are
sensitive to the Moho depth. Hence in this work, we have taken into
account depth variations of the crustal discontinuities including the
Moho from the LITHO1.0 model (Pasyanos et al. 2014). We also
conducted an inversion of the natural earthquake data by assuming
the velocity discontinuities to be flat (Fig. 11a). After the DSS data
are added, the low-V anomaly in the upper crust beneath the Qinling
north fault and the high-V anomalies in the middle crust beneath
the Haiyuan fault and the mid-lower crust beneath the Ordos basin
could be imaged clearly (Fig. 11b).
As shown in Figs 10 and 11, the Moho discontinuity becomes
shallower from Machin in the southwest to Jingbian in the north-
east, being consistent with the results of DSS (Li et al. 2002) and
teleseismic receive functions (Chen et al. 2005; Wang et al. 2016b).
The Moho depth is ∼60 km under Machin (Li et al. 2002; Chen
et al. 2005; Wang et al. 2016b) and 56 km under the JJA station
in AEB (Chen et al. 2005). Our tomographic results show that the
average Vp is lower under the southwestern area than that under the
northeastern part, which also coincide with the DSS Vp result (Li
et al. 2002) and the receive-function Vs result (Chen et al. 2005).
The Moho discontinuity is a laminated interface with varied depths
beneath the Haiyuan fault zone, which is close to a low-V anomaly
(Li et al. 2002). With the undulant Moho of LITHO1.0 (Fig. 11c),
the low-V zones in the mid-lower crust beneath the Qinling north
fault and the Maxianshan fault could be clearly revealed, where the
Moho depth varies from 48.8 km at (103.25◦E, 35.25◦N) to 48.1 km
at (104.0◦E, 35.50◦N) by the receiver-function study (Wang et al.
2016b). The high-V zone beneath the Haiyuan hypocentre extends
to the middle crust (Fig. 11c), where the average Moho depth is
49.7 km (Wang et al. 2016b). These results suggest that both the
DSS data and the discontinuity geometries can affect the tomo-
graphic images.
Our result indicates that the low-V zone beneath the Eastern
Kunlun-Qaidam block dips towards the northeast from the surface
to the uppermost mantle, extends to the lower crust beneath AEB,
and is blocked by the crustal high-V zone beneath the Haiyuan
fault. Fig. 6 shows that the crust beneath the central Ordos basin
exhibits a high-V anomaly. In its surrounding areas, low-V anoma-
lies exist, which exhibit a high electric conductivity (Tang et al.
2005; Zhao et al. 2005b; Zhan et al. 2017). It was suggested that
the high conductivity below 20 km depth may reflect crustal fluids
(Tang et al. 2005). However, the upper crust beneath the East-
ern Kunlun-Qaidam block exhibits a low conductivity (Tang et al.
2005). The low-V anomaly in the lower crust of AEB may re-
flect cracks and fractures caused by the northeastward push of the
Tibetan Plateau (Zhan et al. 2017). Active faults, such as the Kun-
lun, Qingtongxia-Guyuan and Haiyuan faults (Xiao & Gao 2017),
are located in areas where Vp changes abruptly (Figs 7 and 8).
The magnetotelluric sounding revealed that these active faults have











4.2 Interactions of tectonic blocks
The average crustal velocity of the Alxa block and the Ordos basin
is higher than that of the NE Tibetan Plateau, including the Qilian
block, the Eastern Kunlun-Qaidam block and the Bayan Har block
(Fig. 6). High-V anomalies mainly exist in the crust beneath the
central Alxa block, the Ordos basin (Figs 6, 9a and 11c) and the
northern margin of the Sichuan basin (Figs 8e and f), suggesting
that the Ordos basin (Chang et al. 2017) and the Sichuan basin
(He & Zheng 2018) are rigid and ancient cratonic blocks with little
deformation (Tapponnier et al. 1982).
Distinct high-V zones are visible in the middle-lower crust be-
neath the eastern AEB between 105◦ and 106◦ E (Fig. 6), which bor-
ders the southwestern Ordos basin. At the northeastern rim of AEB,
high-V anomalies are revealed beneath the southern edge of the
quasi Tri-junction area (Tian & Ding 1998) and extend to the lower
crust like a narrow diamond (Figs 7d, 9a, b and 11c). The latest re-
gional continuous GPS observations show that localized strain accu-
mulation occurs in and around the intersectional region between the
Haiyuan fault and the Liupanshan fault (Su et al. 2018). The quasi
Tri-junction area tends to be northwestward piled out (Tian & Ding
1998) by the composed compressing and shearing among the Alxa
block, the Qingtongxia-Guyuan fault and the Haiyuan-Liupanshan
fault. The sinistral strike-slip Haiyuan and Xiangshan-Tianjingshan
faults appear to pierce through the AEB high-V zones from the
surface to the Moho in the northeastern part (Figs 7d, 9a, 10f and
11c), and terminate at the southwestern border of the Ordos basin.
Below the Liupanshan strike-slip and thrust fault (Deng et al. 1989;
Xie et al. 2000; Zhang et al. 2003), the distinct Vp transition zone
with abrupt velocity changes (Figs 7e and 8a) is consistent with the
southwest-dipping high-conductivity belt (Zhan et al. 2017). These
Vp transition zones below the major faults may illustrate weaken-
ing and deformation of blocks caused by the interaction among the
Tibetan Plateau, the Alxa block and the Ordos basin (Wang et al.
2018b). Strain energy can hardly be accumulated in the weak zone
with low-V and high-conductivity, where earthquake faulting would
be terminated (Wang et al. 2016a). To the south, the AEB high-V
zone extends to the uppermost mantle beneath its southeastern parts
(Figs 7c–g, 9a–b and 11c) and southern end (Figs 8a and b). Two
magnetotelluric sounding profiles (Zhan et al. 2014) revealed sig-
nificant differences between either side of 106◦E around the Qinling
fold zone, and a shear wave velocity model (Zhang et al. 2011) re-
vealed a warm lithosphere boundary at ∼105◦ E longitude which
borders the western part from the surface down to 100 km depth.
However, our results show that the average Vp in eastern AEB is
locally higher than that of the adjacent areas in the crust, not exhibit-
ing a gradient zone of transfer-fault structures, but appearing like a
wallrock in the non-rigid passive bookshelf-fault model (Zuza & Yin
2016).
In addition, we find that the major Vp transition zones dip south-
westward to the central Tibetan Plateau beneath the fault zones in
southwestern AEB, including the Kunlun fault and the north Qinling
fault. The fault zones in northeastern AEB may be even steeper, like
the Haiyuan-Liupanshan fault and the Qingtongxia-Guyuan fault.
Considering the features of these major active faults with the distri-
bution of relocated earthquakes, the dip angle of the Vp transition
zones may also reflect the counteract relationship among the ad-
jacent tectonic blocks and transpressional deformation caused by
accommodating strike-slip when across the transition area in AEB.
We suggest that the internal deformation is generally less intensive
in the northeastern margin of the Tibetan Plateau than its central
part, which is consistent with the stepwise uplifting of the Tibetan
Plateau caused by deformation from the south to the north.
As the young eastward horsetail splayed from the thrusts south
of the Altyn Tagh fault (Tapponnier et al. 2001), the Haiyuan and
Xiangshan-Tianjingshan faults terminated at the southwestern bor-
der of the Ordos basin, after encountering with the northeastern rim
of AEB. The total velocity decrease from northwest to southeast in
the Longxi block was 5.3 mm yr–1 within a range of 200 km west of
the Liupanshan fault on the horizontal component (Su et al. 2018).
We infer that the transpressional sinistral strike-slip deformation
might be absorbed by transpressive thickening below the northern-
most part of AEB. Hence, the noticeable high-V part of AEB could
be an important tectonic boundary not only for the blocks, but also
for the transpressive deformation accommodating the strike-slip and
thrusting motions as a western frontline of the Ordos basin. Previ-
ous studies have shown that such connected thrusting and sinistral
strike-slip faulting has been a dominant crustal deformation process
in Tibet (Tapponnier et al. 2001).
4.3 Low-velocity anomalies around the Kunlun fault zone
The distribution of low-V zones plays an important role in in-
tracrustal decollement and shortening that help us understand the
mechanisms for evolution of the Tibetan Plateau (Beaumont et al.
2004), the convergence and collision of the Tibetan Plateau, the
Alxa block and the Ordos basin during the Caledonian orogeny
(Zhang et al. 2013). Our results show that low-V anomalies widely
exist in the crust and uppermost mantle beneath the northeastern
and eastern Tibetan Plateau (Fig. 6), which were also partly re-
vealed by Rayleigh-wave tomography (e.g. Yao et al. 2005; Li et al.
2012, 2014a; Yang et al. 2012) and body-wave tomography (e.g. Li
et al. 2014b; Guo et al. 2017; Xiao & Gao 2017). The results of
magnetotelluric sounding (Tang et al. 2005) suggest that the low-V
and high-conductivity structures have a close relationship with the
pervasive high-conductivity in the middle-lower crust of the entire
Tibetan Plateau, which is possibly attributed to partial melting with
a high crustal Vp/Vs ratio and high temperature (Wang et al. 2008;
Wu et al. 2017), or a combination of partial melting and salt aqueous
fluid (Wei et al. 2001; Jin et al. 2010). The pervasive low-V anoma-
lies in the mid-lower crust may act like crustal flow, and extrusion of
the middle crust probably contributed to the onset of rapid surface
uplift of the plateau and crustal thickening in eastern Tibet (Royden
et al. 2008). However, our results show that the low-V anomalies
are not so interconnected in the crust under our study region.
The Kunlun fault in central Tibet transfers eastward and spreads
part of the Tibetan plateau into east–west contraction along the
Longmenshan fault zone and thrust belt (Yin & Harrison 2000).
Li et al. (2012) suggested that the low-V zone diminishes around
the eastern Kunlun fault. Thrust faults mainly develop north of the
Kunlun fault, such as the Amne Machin, Gonghe Nanshan, Lajishan
and Qinghai Nanshan faults, whereas strike-slip faults develop in the
region south of the Kunlun fault, such as the Mado-Gande fault (Wu
et al. 2017). Moreover, the Vp transition zones below the Kunlun
and Tazang faults dip towards the southwest from the surface to the
lower crust (Figs 7g and 8d). The Kunlun fault was also detected
by the DSS experiment (Zhang et al. 2008b) and it cuts through
the crust (Liu et al. 2017), which may be related to the northward
subduction of the Songpan-Ganzi-Hoh-Xil ocean floor beneath the
Kunlun batholith that began in the latest Permian and lasted until the
latest Triassic in the tectonic evolution of the Himalayan–Tibetan
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To the north of the Kunlun fault, a distinct low-V zone beneath
the northern part of the Eastern Kunlun-Qaidam block dips north-
eastward into the lower crust of AEB (Figs 7c–e and 8a, b), and is
blocked by a high-V zone below eastern AEB. Similarly, a low-V
zone beneath the northern margin of the Bayan Har block extends
down to the lower crust under the high-V zone below southern AEB
(Figs 7g and 8c, d). Li et al. (2014b) suggested that there is no
crustal flow reaching this area with high-V and low conductivity
anomalies in the mid-lower crust beneath the eastern AEB near the
western Qinling fold zone. The low-V anomalies in the lower crust
and uppermost mantle below AEB may be related to the widespread
volcanic deposits interbedded with marine deposits during the late
Ordovician to the early Carboniferous (Huang et al. 1996; Yin &
Harrison 2000). A joint analysis of receiver functions and Rayleigh-
wave dispersions (Zheng et al. 2015) revealed that the low-V zone is
continuous from the middle-lower crust down to 160 km depth, re-
flecting an induced local mantle upwelling after partial detachment
of the lithosphere (Liu et al. 2008). SKS splitting measurements
across the NE Tibet show that the fast directions in the crust and
upper mantle are generally consistent with each other, suggesting
that the crust and upper mantle may have the same deformation
(Li et al. 2011; Wang et al. 2013, 2016b). On the other hand, three
mechanisms have been proposed for the hot and deformable crust
and the lithosphere in the northern Tibetan Plateau, including con-
vective removal (Molnar et al. 1993), subduction-induced upwelling
(Tilmann & Ni 2003) and strain heating (McNamara et al. 1994).
To the south of the Kunlun fault, GPS results show that a large
part of the eastern plateau area is not undergoing shortening in
the northeastward convergence direction of the Eastern Himalayan
Syntaxis but is stretching (Gan et al. 2007). The low-V anomaly in
the uppermost mantle below the Bayan Har block (Figs 7g and 8d,
e) is consistent with the result of teleseismic P-wave tomography
(Lei & Zhao 2016), Pn tomography (McNamara et al. 1997; Liang
& Song 2006) and teleseismic receiver-function analyses (Liu et al.
2014). Our results show that the low-V anomaly warps up eastward
to the surface of the Longmenshan fault (Figs 7h and 8f), which is
consistent with the DSS result (Jia et al. 2014) and compatible with
the listric shape of the Longmenshan fault with eastward reverse
feature (Zhang et al. 2008a). A small but significant compressional
strain rate component of ∼10.5 ± 2.8 nstrain yr–1 exists in a rela-
tively narrow area around the eastern margin (Gan et al. 2007). The
low-V anomalies in the lower crust may link with lithologic weak-
ening in the mid-lower crust beneath the eastern Tibetan Plateau
(Jia et al. 2014; Li et al. 2014b), causing large earthquakes such as
the 2008 Wenchuan earthquake (M 8.0).
Therefore, we consider that the Kunlun fault zone has acted as
an important tectonic boundary (Chen et al. 2005) of transfer-fault
structures, which may be the channel for magmatic material up-
welling from the deep crust subsequent to the rifting event in the
Early Permian (Yin & Harrison 2000) or limited the low-viscosity
crustal fluids flowing from the thickened, elevated central plateau
(Tapponnier et al. 1982; Clark & Royden 2000), just as the Vs struc-
ture from ambient noise suggested (Li et al. 2012; Wu et al. 2017).
The low-V zone in the northern Tibetan Plateau shows a strong cor-
relation with the region of the mid-Miocene to Quaternary potassic
magmatism, suggesting that delamination of lithosphere may have
played an important role in the rise of the Tibetan Plateau (Bao et al.
2015a). It may be also related to either detachment and deformation
of the crust (Liu et al. 2014), lithospheric mantle (Liang & Song
2006), or mantle upwelling (Lei & Zhao 2016) that are primar-
ily driven by vertically coherent deformation associated with the
India–Asia collision (Wang et al. 2016b). Furthermore, the deep
low-V anomaly spreads eastward to the Longmenshan fault zone
along the Kunlun fault to the north by the undergoing stretching
(Gan et al. 2007), which provides a new constraint on the mode of
deformation across the Tibetan Plateau (Li et al. 2014a) and influ-
ences local strain partitioning that controlled the deformation style
of the eastern Tibetan Plateau (Liu et al. 2014).
4.4 Fault zones and seismicity
In Mainland China, all the great intracontinental earthquakes with
M > 8.0 and 80–90 per cent of the large earthquakes with M > 7.0
occurred at edge parts of tectonic blocks, suggesting that inter-
actions of the blocks directly control the generation of the large
earthquakes (Zhang et al. 2003). The existence of widespread low-
V anomalies indicates that the lower crust and uppermost mantle
contain high-temperature materials and fluids related to the north-
eastward or eastward extension of the Tibetan Plateau, which can re-
duce the mechanical strength of the seismogenic upper crust (Cheng
et al. 2014). The low-V zones are mechanically weak no matter they
are caused by the crustal flow or partial melting, which is a seismic
signature of the intracrustal decollement layer (Zhang et al. 2013).
Disregarding the low-V anomalies might be caused by either partial
melting and salt aqueous fluid (e.g. Wei et al. 2001; Tang et al.
2005; Jin et al. 2010), volcanic deposits and mineral alignment
(e.g. Huang et al. 1996; Yin & Harrison 2000), or vertically coher-
ent deformation (e.g. Wang et al. 2016b), we find that the range of
low-V anomalies in the lower crust (the red dashed line at 50 km
depth in Fig. 6) coincides well with the northern segment of the
north–south seismic zone (Ma 1989). The low-V zones in the lower
crust may contain a large amount of fluids, and so they can greatly
affect the crustal structure and strength in the source areas of large
earthquakes, such as the 2016 M 7.3 Kumamoto earthquake (Wang
et al. 2018a; Zhao et al. 2018b) and other large earthquakes in Japan
(e.g. Zhao 2015; Zhao et al. 2018a). Hence, the low-V zones may
play an important role in the crustal seismogenesis.
Significant strain or energy concentration occurs in the fault
zones which form boundaries of the tectonic blocks, causing the
hazardous earthquakes in the northeastern Tibetan region (Fig. 3a).
Interactions of the active faults (Luo & Liu 2010), as well as coseis-
mic and post-seismic deformation of a large earthquake (Xiao &
He 2015), can increase Coulomb stress on the neighbouring faults
or segments, which may accelerate the occurrence of future earth-
quakes, such as the 1954 Shandan earthquake (M 7.2) and the 1990
Tianzhu earthquake (M 6.2) in the study area. Studies of the current
stress field show that the Haiyuan fault zone has a strike-slip faulting
style, whereas the Liupanshan fault zone exhibits both strike-slip
and thrusting faulting components (Deng et al. 1989; Xie et al.
2000; Zhang et al. 2003). The tectonic features and deformation
pattern across the Liupanshan fault zone are similar to those of the
Longmengshan fault before the 2008 M 8.0 Wenchuan earthquake
(Zhan et al. 2017; Su et al. 2018). Hence, we need to pay much
attention to the Liupanshan fault zone for its seismic risk in the near
future.
5 C O N C LU S I O N S
In this study, we seek to obtain high-resolution 3-D images of crustal
Vp structure beneath the northeastern rim of the Tibetan Plateau,
with special attention to the detailed distribution of intracrustal
low-V zones. Our detailed resolution tests show that the later phase










tomography, especially in the lower crust. Our results shed new
light on the complexity of the Cenozoic continental deformation in
NE Tibet and may improve our understanding of the geodynamic
evolution of the Tibetan Plateau.
The major active faults are located at sharp Vp transition zones
with abrupt velocity changes at boundaries of tectonic blocks, which
reflects the counteracting relationship among the adjacent tectonic
blocks. High-velocity zones are visible like crustal wallrock below
the transition zones bordering the southwestern Ordos basin be-
tween 105◦ and 106◦ E longitude, which may become an important
tectonic boundary as the western frontline of the Ordos basin that
absorbed sinistral strike-slip motion by possibly transpressive de-
formation. Thus, the Haiyuan and Xiangshan-Tianjingshan faults
terminate at the southwestern border of the Ordos basin.
Widespread low-V anomalies are revealed but they are not inter-
connected in the lower crust beneath NE Tibet. According to the
distribution of the low-V anomalies, we suggest that the Kunlun
fault acts as an important tectonic boundary of transfer-fault struc-
tures. Although we cannot tell the origin of the low-V zones, they
coincide well with the northern segment of the north–south seismic
zone in the lower crust. The low-V zones may be a key factor in
the deep crust affecting the earthquake generation. Furthermore,
considering the tectonic features and regional fault interactions, we
need to pay much attention to the seismic risk of the Liupanshan
fault zone in the near future.
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S U P P O RT I N G I N F O R M AT I O N
Supplementary data are available at GJI online.
Figure S1. (a) Histogram of traveltime residuals before the earth-
quake relocation. (b) Observed traveltimes with a reduced velocity
of 6.5 km s–1 versus the epicentral distance before the earthquake
relocation. The blue and green dots denote the P and PmP data,
respectively. (c) Histogram of traveltime residuals (<2 s) for the
events relocated with over eight traveltime data. (d) The same as (b)
but for the selected events after relocation. (e) Reduced theoretical
traveltimes computed with the TauP toolkit. The purple, red and
black lines are for P, Pn and PmP arrivals, respectively. (f) Compar-
ison of the observed traveltimes shown in (d) with the theoretical
ones shown in (e).
Figure S2. A trade-off curve for determining the optimal value of
the damping parameter (the red triangle).
Figure S3. Results of a checkerboard resolution test obtained by a
joint inversion of the P and PmP wave data. The lateral grid interval
is 0.5◦ × 0.5◦. Open and solid circles denote slow and fast velocity
anomalies, respectively, relative to the 1-D velocity model (the black
line in Fig. 2a). The layer depth is shown at the upper-right corner
of each map. The velocity perturbation scale (in per cent) is shown
below (d).
Figure S4. The same as Fig. S3 but the lateral grid interval is
0.4◦ × 0.4◦. The other labelling is the same as that in Fig. S3.
Figure S5. The same as Fig. S3 but the lateral grid interval is
0.35◦ × 0.35◦. The other labelling is the same as that in Fig. S3.
Figure S6. The same as Fig. S5 but only the first P-wave data are
used.
Figure S7. Results of a checkerboard resolution test along the two
profiles shown in the inset map. The three curved lines in each ver-
tical cross-section denote the Moho discontinuity and two velocity
boundaries in the crust. The red star denotes the 1920 Haiyuan
earthquake (M 8.5). The solid and open circles denote high and
low velocity perturbations (in per cent), respectively, whose scale is
shown at the bottom-right. The data used in the test are (a, d) P-wave
arrivals, (b, e) PmP-wave arrivals, and (c, f) both P and PmP wave
arrivals. The labelling of the inset map is the same as that in Fig. 1.
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